protein. The human periodontal
ligament was found to be innervated by NFP-immunoreactive nerve fibers, and contained free and specialized nerve endings; essentially all these nerve fibers were associated with S-100 protein-immunoreactive elements. Free nerve endings showing tree-like ramifications were frequently observed along the whole length of the tooth. The specialized nerve endings consisting of thick nervous elements were classified into four types as follows: Ruffini-like endings which were composed of expanded nerve terminals arranged in a dendritic fashion were found mainly around the root apex; coiled nerve endings were located in the mid-region of the periodontal ligament; spindle-shaped types, and expanded nerve endings, both rarely found near the root apex. Immunostaining for S-100 protein showed that no lamellated nerve terminals were found in the human periodontal ligament. The region-specific distribution of various nerve terminals demonstrated in this study seems to be suited to effectively receive mechanical stimuli to the teeth from various directions.
The periodontal ligament, mainly consisting of collagen fibers, fixes the teeth to the alveolar bone while also functioning as a cushion between them (cf. SCHROEDER, 1986) . Moreover, it is known that the periodontal ligament receives a rich supply of sensory nerves and plays an important role in mastica-tion. Mechanical stimuli to the periodontal ligament easily evoke various oral reflexes, which are thought to control mastication reflexively (cf. MATTHEWS, 1975) .
Many researchers have been attracted to the sensory innervation of the periodontal ligament because of its importance for dentists in understanding the mechanism of mastication and pain sensation in the periodontal ligament. Although a large number of physiological and clinical studies have dealt with the innervation in human periodontal ligament, only a few reports have been available on the morphological demonstration of the nerve terminals. Thus, various opinions have been introduced concerning the periodontal nerve terminals, but precise evidence remains to be demonstrated (cf. SCHROEDER, 1986 ). This problem is partly due to the lack of specific staining methods for nervous elements in dental tissues; silver impregnation techniques, used for many decades, are often unreliable and non-specific in reaction (BERNICK, 1957; BYERS,1985; MAEDA et al., 1987) . It is also attributable to the difficulty in obtaining intact and sufficient materials from human bodies.
Although some electron microscopic observations have dealt with the sensory nerve terminals of human periodontal ligament, information on the orientation and whole figures of the nerve terminals seems to be lacking, due to limitations in the observation fields and to problems in sampling materials. Moreover, most of the nerve endings previously reported by electron microscopy seem to be preterminals, and not *This work is dedicated to the retirement of Prof. S. KOBAYASHI, Department of Oral Anatomy, Niigata University
School of Dentistry. This study was supported by a Grant-in-Aid for Scientific Research from the Ministry of Education, Science and Culture, Japan (No. 6344069). genuine nerve terminals (BYERS, 1985) .
Our research group has investigated the innervation in the periodontal ligament of various animals by means of immunohistochemistry for nervous systemspecific proteins: neuron specific neurofilament protein (NFP) and glia-specific S-100 protein (MAEDA et al., 1987; MAEDA, 1987; SATO et al., 1988 SATO et al., , 1989 . Through our immunohistochemical studies, it has been shown that the distribution, density and kinds of nerve terminals in the periodontal ligament seem to be different among species and types of teeth.
The present study reports on the sensory nerve terminals in human periodontal ligament utilizing immunohistochemistry for NFP and S-100 protein.
MATERIALS AND METHODS
Tissue blocks, including the lower first premolar, were obtained from five persons (one male and four females) at autopsy and after operations for orthodontic reasons. These materials did not show any signs of periodontitis.
The specimens at autopsy, which were pretreated with formalin, were thoroughly washed in water and postfixed in Bouin's fluid. The materials from operations were immediately immersed en bloc in Bouin's fluid. After fixation, both materials were washed in water and decalcified with Plank-Rychlo's solution for two or three weeks (MAEDA et al., 1986) . They were immersed in 30 sucrose solution overnight and rapidly frozen in dry ice-acetone. Frozen sections were cut buccolingually at 30-40um in thickness by freezing microtome. Endogenous peroxidase was then inactivated by treatment with 0.3% H2O2 in absolute methanol for 10min.
Sections were finally processed for the peroxidase-antiperoxidase (PAP) method according to STERNBERGER (1979) using anti-NFP or anti-S-100 protein antibodies, which were both diluted to 1: 1,500. The detailed characterization of these antisera has been described previously (MASUDA et al., 1983; MAEDA et al., 1986) .
The specificity of the immunoreactions was tested by use of antisera pretreated overnight at 4C with the corresponding antigens (10ug/ml diluted antiserum). The antigen-absorbed antisera did not show any positive reactiosns.
RESULTS

The
immunostaining effected by using antisera against NFP and S-100 protein successfully demon-strated nervous elements in the human periodontal ligament obtained both in autopsies and operations. NFP-immunoreactive nerve bundles entered the periodontal ligament through slits of the alveolar bone, which were located at the bottom and the lateral wall of the alveolar socket. They were regarded as apical and alveolar nerve fivers, respectively (KIZIOR et al., 1986) . Such pathways of nerves entering into the periodontal ligament were identical to those seen in the monkey periodontal ligament (MAEDA, 1987) . The NFP-positive apical nerve fibers soon branched in a dendritic fashion, and terminated in the vicinity of the root apex. Other apical nerve fibers ran towards the gingiva along the lateral wall of the alveolar socket.
After entering the periodontal ligament, the alveolar nerve fibers showing NFP-immunoreactivity were divided into two groups: ascending and descending nerve fibers. The former ran toward the coronal region, joining with the nerve fibers originating from the apical nerve fibers. The latter ramified to be distributed around the apical region. Thus, the apical region of the periodontal ligament received more numerous NFP-positive nerve fibers than the coronal half region (Fig, 1a) .
Individual NFP-positive nerve fibers, usually thin fibers, displayed tree-like ramification towards the teeth, their twigs terminating within the periodontal fibers as free nerve endings without forming expanded portions (Figs. 1b, 2a ). Some of the nerve terminals faced the cementum, and ended in the cementoblastic layer. No NFP-positive nerves, however, penetrated the cementum. The free nerve endings, highest in frequency, were located at regular intervals as if each fiber claimed its own innervation territory. This type of nerve terminal was distributed throughout the length of the tooth, being especially numerous near the root apex.
A second type of nerve terminal was found near the root apex. Several thick N FP-positive nerve fibers ramified in a dendritic fashion and ended with expanded forms among the periodontal collagen fibers (Figs. 1a, 2b) . This type of specialized nerve terminal resembled the Ruffini endings seen in the periodontal ligament of rodents SATO et al., 1988 SATO et al., , 1989 .
A third type of nerve terminal, the coiled forms, was frequently found in the mid-region of the periodontal ligament, near the cementum (Fig. 2c) . The thick NFP-positive nerve fibers took a relatively straight course for a long distance, but finally ran very complex coiling courses, forming some swellings. These coiled endings seemed covered with a fibrous capsule. However, the relationship between these terminals and the surrounding periodontal fibers could not be clarified in this observation.
The fourth type of nerve terminals, the expanded spindle-like nerve endings, were found near the root apex (Fig. 2d ). Their long axis was located parallel to the longitudinal periodontal fibers. This type of NFP-positive nerve terminal was surrounded by a fibrous capsule. The occurrence of this type of the nerve endings was considerably low in frequency.
The distribution of the NFP-immunoreactive nervous elements in the human periodontal ligament as described above is summarized in Figure 3 .
The immunohistochemistry for S-100 protein showed a closely similar distribution to that for NFP, except that the structures demonstrated with the S-100 antiserum were thicker in profile than those with the NFP-antiserum.
In the coiled and spindlelike expanded nerve endings immunostained, the capsule was intensely immunoreactive to the S-100 antiserum. No lamellated nerve terminals such as Pacinian corpuscles, which, if present, should be easily detected with the S-100 antiserum, could be recognized in the human periodontal ligament. DISCUSSION A few morphological studies on the sensory innervation of the human periodontal ligament are available (Cf. SCHROEDER, 1986) . Although there has been controversy over the distribution and shape of the sensory nerve terminals, researchers largely agree on the presence of two types of nerve endings: free endings and organized structures (cf. SCHROEDER, 1986). By immunohistochemistry for NFP and S-100 protein, the present study demonstrated both free and specialized nerve endings in the human periodontal ligament. Moreover, the latter were classified into Ruffini-like, coiled and spindle-shaped endings.
It is generally accepted that the free and specialized nerve endings in the periodontal ligament may function as nociceptors and mechanoreceptors, respectively. Recent studies on periodontal innervation have shown that Ruffini-like endings are an essential mechanoreceptor in the periodontal ligament of mammals (BYERS, 1985; MAEDA et al., 1987; SATO et al., 1988 SATO et al., , 1989 BYERS and DONG, 1989) . However, we failed to find typical Ruffini endings in the periodontal ligament of the monkey, therefore suggesting that the extensively distributed tree-like endings might be responsible for mechanoreception as well as nociception in the monkey periodontal ligament (MAEDA, 1987) . Some electron microscopic studies have showed that it is difficult to distinguish between the Ruffini-like and free endings which are regarded as A-delta nociceptors (BIEMESDERFER et al., 1987; BYERS. 1985) . As the human periodontal ligament was shown in this study to contain a large number of free nerve endings showing tree-like ramification along the entire length of the teeth, those tree-like endings in the human near the root apex, also might have dual functions as mechanoreceptor and nociceptor.
Some investigators reported encapsulated coiled nerve terminals in the human periodontal ligament at the levels of light (RAPP et al., 1957) and electron The cementum is excluded from this drawing. AB alveolar bone, D dentin, DP dental pulp, E enamel. microscopy (GRIFFIN and HARRIS, 1974; HARRIS, 1975) . However, other researchers, by use of silver impregnation methods, failed to demonstrate the coiled terminals in the human periodontal ligament (LEWINSKY and STEWART, 1936; FALIN, 1958) . BYERS (1985) claimed that the neural elements shown by GRIFFIN and HARRIS (1974) and HARRIS (1975) might be preterminal axon bundles rather than encapsulated receptors because these structure consisted of thick myelinated nerves. The present study confirmed the existence of coiled endings in the human periodontal ligament. Moreover, their whole bodies were intensely positive for glia-specific S-100 protein, suggesting that the coiled endings are covered and supported by glia-like cells.
It is interesting that, in the human periodontal ligament, different types of mechanoreceptors are distributed at different sites: The Rufiini-like endings are present near the root apex while the coiled types lie in the mid-region of the periodontal ligament. Physiological studies have suggested the existence of two types of mechanoreceptors in the periodontal ligament: slowly and rapidly adapting mechanoreceptors (cf. HANNAM, 1982) . It is generally believed that the Ruffini-like endings belong to the category of slowly adapting receptors, and the coiled endings, to the rapidly adapting receptor (HANNAM, 1982) . This difference in location of the two types of mechanoreceptors in the human preiodontal ligament is consistent with a physiological study where, in the periodontal ligament of cat canine, slowly adapting receptors were distributed around the root apex, whereas rapidly adapting receptors were instead located in the coronal half of the periodontal ligament (CASH and LINDEN, 1982) .
The innervation of the cementum is an unsolved problem. The studies using silver impregnation methods have offered two opposite opinions concerning the existence of nerves invading the cementum (cf. SCHROEDER, 1986). However, no electron microscopic and autoradiographic studies have reported the occurrence of nerve terminals in the cementum (PIMENIDIS and HINDS, 1977; BYERS and DONG, 1983; BYERS, 1985) . Throughout our immunohistochemical studies, we failed to find any neural elements in the cementum of various animals including humans (MAEDA et al., 1986; MAEDA, 1987; SATO et al., 1988; this study) . We therefore support the view that the cementum lacks sensory innervation.
